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Introduction
In the late follicular phase, decreasing progesterone and increasing estradiol 60 concentrations trigger the onsets of sexual behavior and the GnRH/LH (gonadotropin releasing hormone/luteinizing hormone) surges (1) . However, sudden activation of the hypothalamic-pituitary-adrenal axis by an immune/inflammatory challenge, in the form of E. coli lipopolysaccharide (LPS), lowers plasma estradiol concentrations and delays the onsets of sexual behavior and the LH surge of intact ewes via 65 unknown mechanisms (2).
In the normal follicular phase, it is generally accepted that the major feedback effects of estradiol on GnRH secretion occur indirectly. Estradiol acts upon estradiolreceptive neurons, located in the hypothalamus/preoptic area (POA; 3-4), with axons that project directly and/or indirectly to GnRH neurons (5). However, the precise 70 location and cell phenotypes involved at different stages of the follicular phase remain unknown with respect to either change in sexual behavior or GnRH secretion.
A possible scenario is that alterations in the progesterone:estradiol balance could influence cellular activation patterns in specific brain areas during progressive stages of the follicular phase. Monitoring the presence of c-Fos (a marker for neuronal 75 activation; 6) would pinpoint the location of activated cells involved in sexual behavior and GnRH/LH surge generating mechanisms. By contrast, we hypothesize that the physiological activation patterns are altered by LPS, and c-Fos will also reveal the regions through which this stressor acts to disrupt the follicular phase. 80 A plethora of recent studies provide evidence that the hypothalamic neuropeptide kisspeptin is essential for GnRH/LH surge release across a large number of species (7) (8) . In the ewe, kisspeptin has been implicated in mediating estradiol negative (9) and positive feedback (10-12), as well as orchestrating GnRH/LH pulsatility (8) and surge secretion (10-15). However, the pattern of kisspeptin cell activation in both main 85 populations of cells (ARC and mPOA) during the whole course of the follicular phase
has not yet been investigated. Interestingly, in addition to steroid hormones, kisspeptin neurons have been proven sensitive to the actions of various stressors, including LPS, and are likely to operate as transmitters for effects on GnRH neurons (16) . Specifically, a few studies in female rats report reduced levels of kisspeptin 90 mRNA and suppression of the reproductive axis after a challenge with LPS (17) (18) . To date, there are no studies addressing the potential alterations of kisspeptin cell activation (at peptide level) in key hypothalamic nuclei during acute inflammatory stress in any species. Given the crucial role of kisspeptin in regulating GnRH secretion, we hypothesize that stress-induced suppression of reproductive 95 parameters is accompanied by a failure of kisspeptin cell activation.
Regarding the potential mechanisms involved in the disruption of sexual behavior and GnRH/LH patterns after LPS, various studies suggest that a common pathway for the action of stressors is to stimulate the cellular activity of the paraventricular 100 nucleus (PVN), especially neurons secreting corticotropin releasing factor (CRF; [18] [19] [20] . In the rat, CRF has a pivotal role in stress-induced suppression of GnRH pulses and is thus a prime candidate for transmitting the 'stress' signal to GnRH cells directly or via interneurons (21) . Li et al., (22) report that LPS involves the activation of Type 2 but not Type 1 CRF receptor (CRFR) to mediate inhibitory actions. 105 However, the importance of CRFR has not been extensively investigated in the ewe.
In the present study we examined brain tissue from intact ewes sacrificed at various times during the follicular phase with or without the administration of LPS. We used c-Fos to locate the brain areas that exhibit activation events before or during the onset of sexual behavior, during the LH surge or after LPS and may, therefore, be 110 involved in the physiological and/or pathological mechanisms. Furthermore, we aimed to map the pattern of kisspeptin cell activation (by measuring co-expression with c-Fos; 6) in the ARC and mPOA at various times during the follicular phase, as well as testing the hypothesis that the LH surge disruption after the application of LPS is associated with inhibition of kisspeptin cell activation. Finally, we examined 115 the presence of CRFR Type 2 in the ARC and ME to establish whether up-regulation of this particular receptor may play a role in the LH surge inhibition after stress.
Materials and Methods
Animals, study design and blood sampling procedure 120 The study was performed in the mid-breeding season (October/November) on 30 mature intact Lleyn crossbred ewes. From two weeks prior to the study, the ewes were penned altogether indoors (space 15 x 7 meters) with the same 3 experienced teaser rams present throughout, to avoid spurious behavioural activity. Frequent handling for at least a week ensured that the animals were acclimatized to human The experimental protocol is outlined in Fig.1 . The ewes were randomly allocated to 135 six groups. One group was killed at 0 h (0 h control group; n=5) and another group at 16 h after progesterone withdrawal (16 h control group; n=4). At 28 h, the remaining animals received 2 ml saline vehicle or endotoxin (Lipopolysaccharides from Escherichia coli 055:B5, LPS, Sigma-Aldrich, UK; i.v. dose of 100 ng/kg body weight).
The LPS dose is routinely used in our studies and evokes a robust cortisol increase 140 and attenuation of the LH surge without other undue clinical effects (2). The timing of the treatments was chosen in order to precede all sexual behaviors and not just mounting. Two groups were killed at 31h (31h control, n=6 and 31h LPS group, n=5) and two groups at 40h after progesterone withdrawal (40h control, n=5 and 40h LPS group, n=5). These assays were performed with methods adapted from (23-25), respectively.
LH results were expressed as ng equivalent of NIAMDD ovine LH 21 per ml plasma.
Estradiol was measured with a modified radioimmunoassay (RIA) using 0.5 ml plasma extracted with 3 ml diethyl ether followed by evaporation to dryness. All assays were verified for use in sheep (26) . Contemporary inter-assay and intra-assay 160 coefficients of variation for LH, progesterone, cortisol and estradiol were all less than 12%. The minimum detectable amounts were 0.02 ng/ml; 0.16 ng/ml, 0.8 ng/ml and 0.2 pg/ml and assay precisions (in the mid-range of the standard curve) were 0.1 ng/ml, 0.01 ng/ml, 0.2 ng/ml and 0.2 pg/ml, respectively. All samples from individual animals were measured in the same assay for each hormone. 165 
Visual observation of sexual behavior
Ewe and ram sexual behavior was recorded by two trained observers for a 30-minute observation period prior to each blood sample collection. The observers were placed in an elevated position to assist efficient monitoring of the entire pen where the animals were allowed to move freely. Once a minute throughout each observation 170 period, it was noted if a ewe was within one meter of a ram [behavioral scan sampling; Martin and Bateson (27) ]. In addition, the following behavioral signs were noted throughout each 30 min observation period: ram nosing the perineal region of the ewe; ewe being nudged by the ram without moving away; and, mounting of the ewe by the ram without moving away. Due to the 2-hourly observation regime, the beginning/end of periods were, respectively, defined as the first/last (minus/plus 1.0h) 30-min observation period the animal exhibited a particular behavioral sign.
Tissue collection
Euthanasia was carried out with 20 ml 20% w/v sodium pentobarbitone 
c-Fos and kisspeptin dual-label immunohistochemistry
A series of every 15th section (600μm intervals) through the preoptic area and mediobasal hypothalamus was processed using a dual-immunoperoxidase protocol 195 in which nuclear c-Fos was detected first with nickel sulfate-enhanced diaminobenzidine as chromogen (ni-DAB; black), followed by detection of cytoplasmic kisspeptin using unenhanced diaminobenzidine (DAB; brown). All steps were performed at room temperature unless otherwise stated. Antibodies were diluted with 2.5% normal donkey serum (catalogue item S2170, Biosera, UK), 1% 
CRFR Type 2 single-label immunohistochemistry
For CRFR Type 2 (1:4000; ab12964; Abcam UK; 32) three sections, 240μm apart, 220 containing the ARC and ME were chosen and a staining protocol performed as described above. The exclusion of the primary or secondary antibody resulted in complete absence of staining.
Data analysis
Hormone, behavior and immunohistochemistry data were analyzed with Minitab ® 15 225 statistical package (MINITAB Inc, Pennsylvania, USA). Results are expressed as mean ± SEM, and for all analyses, statistical significance was regarded when P<0.05. An LH surge was defined as a sustained increase (>4h) in LH plasma concentrations and onset was considered when the first value increased more than ten times the minimum detectable concentration (i.e., >10 ng/ml). Cortisol, progesterone and derived from 3 photographs that included the lower part of the ARC and the ME.
Data from these two areas were combined due to the confined location of the receptors; i.e., on the 'border' either side of the ARC and ME boundary. All photographs were imported into Image J version 1.42q, and counts performed using 
Results
Two animals exhibited estrus and were mounted by a ram within 28h after progesterone withdrawal (i.e., before the predetermined time of treatment; one 260 from each of the 31h LPS and 40h LPS groups). The data from these two ewes were excluded from further analyses. None of the animals showed any signs of illness, with a few exceptions of mild coughing and briefly increased respiration rate for the ewes that received LPS.
Plasma hormone profiles: Estradiol, Progesterone and Cortisol
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In control animals, plasma estradiol concentrations continued to increase from 28h after PW to maximum values between 32h and 36h after PW (Fig 2A) . However, after treatment with LPS, estradiol concentrations tended to be lower than controls 8h
after treatment (i.e., at 36h after PW; P<0.07; Fig.2A ) and, thereafter, continued to decrease significantly until ewes were killed at 40h (P<0.02; Fig 2A) .
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All groups had similar plasma progesterone concentrations at 0h and 28h after PW (33.7 ± 2.0 ng/ml and 6.6 ± 0.4 ng/ml, respectively). There was considerable between-animal variation, and values between treated and control groups were not different at each time point after treatment; therefore, a within-group comparison was also made. Within-group controls had similar concentrations of progesterone 275 before and after treatment (Fig. 2B) . Progesterone concentrations were different within the 40h LPS group, increasing from 6.9 ± 1.0 ng/ml to a mean maximum of 9.9 ± 1.6 ng/ml after treatment (P<0.05; Fig. 2B ). Progesterone concentrations after PW within control animals are also shown in Fig. 2A .
In all control animals, mean plasma cortisol concentrations remained low throughout 280 (10.5 ± 0.7 ng/ml; Fig. 2C ). Before the application of LPS (i.e., at 24 and 28h after PW), cortisol concentrations did not differ from values in controls (Fig. 2C ). At 30h, both groups of LPS animals had higher values compared to control groups (P<0.001; Fig. 2C ). In the 40h LPS group, ewes had increased concentrations compared to the controls from 32h to 40h after PW (P<0.05 for all; Fig. 2C ). Mean maximum cortisol 285 concentrations (157 ± 19.8 ng/ml) for the LPS groups were observed 2h after treatment (Fig. 2C ).
Luteinising hormone (LH) and behavioral profiles.
The onset of sexual behavior and the LH surge of individual ewes with respect to progesterone withdrawal (PW) are shown in Table 1 . Control animals began 290 exhibiting sexual behavior at 28.5 ± 2.4 h, and three of the five animals in the 40h-control group had an LH surge with a mean onset at 36.7 ± 1.3 h ( Table 1) . Three of the eight LPS treated animals exhibited sexual behavior, whereas none of the treated animals began an LH surge during 40h of study (Table 1) . Subsequent data were analyzed in two ways: the first consisted of only control ewe data, grouped according 295 to time after PW, and incorporating sexual behavioral status and whether an LH surge had occurred; i.e., those killed: at 0h and 16h after PW; at 31h after PW but before the onset of sexual behavior (Before sexual behavior, n=3); at 31h or 40h
after PW and during exhibition of sexual behavior but before an LH surge (During sexual behavior, n=5); or after the onset of sexual behavior and during the LH surge 300 (Surge, n=3). This grouping was used to pinpoint the location of cells involved in sexual behavior and GnRH/LH surge generating mechanisms in control animals.
Secondly, control and treated animal data were grouped according to time of killing after PW, and this was used to compare treatment effects.
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Control ewes grouped according to sexual behavior and the LH surge.
c-Fos activation
The number of c-Fos positive cells in the VMN and mPOA was three times greater, and in the ARC four times greater, in the 'Surge' group compared to all other stages 310 in the follicular phase of control ewes (P<0.05 for all comparisons; Fig 3A,B,C) .
The number of c-Fos positive cells in the ME and dBb was not different at any stage (Fig 3D and 3E) . However, the number of c-Fos positive cells in the BNST was three times greater in the 'Before sexual behavior' group (P<0.001 for all comparisons; Fig   3F) .
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Kisspeptin distribution and c-Fos co-expression
Kisspeptin immunoreactive cell bodies and fibers were found in anatomical structures as defined by Welento et al., (33) and similar to those in previous reports when the majority of control animals were undergoing an LH surge, control and LPS group data were not different (Fig 5B) .
At 31h after PW, the number of c-Fos positive cells in the mPOA increased in the LPS 340 group (P<0.03; Fig 5C) compared to controls. At 40h after PW, when the majority of control animals were undergoing an LH surge, control and LPS data were not different ( Fig 5C) .
The number of c-Fos positive cells in the ME and BNST was not altered by LPS (Fig 5D and 5F). However, at 31h and 40h after PW (i.e., 3h and 12h after treatment) LPS 345 groups had markedly increased numbers of c-Fos positive cells in the dBb compared to controls (P<0.05; Fig 5E) .
Kisspeptin and c-Fos co-expression
The total number of kisspeptin positive cell bodies varied among animals but was not altered with the application of LPS (Table 2) .
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In the ARC and mPOA at 31h after PW (i.e., 3h after LPS administration), the percentage of kisspeptin cells that co-expressed c-Fos in the LPS group was not different to controls (Fig 6A and 6B) . However, at 40h after PW (i.e., 12h after LPS), the percentage of kisspeptin cells that co-expressed c-Fos was markedly lower in LPS treated animals compared to controls in both areas (P<0.01; Fig 6A and 6B) . Immunohistochemistry revealed CRFR type 2 immunoreactivity in the lower part of the ARC, as well as the internal zone of the ME. At cellular level, the receptors had a 365 'ring-like' morphology and were cytoplasmic in nature (Fig 7D) . There was no difference in the number of CRFR type 2 cells between control animals (Fig 7C) .
However, LPS increased CRFR type 2 immunoreactivity in the lower ARC + ME (P<0.001; Fig 7C) . This was evident at 31h and 40h after PW. immunoreactivity in the lower part of the ARC and ME. The results of the present study extend our knowledge of the GnRH/LH surge mechanism, and its disruption after stress, by demonstrating that the patterns of cellular activation in the hypothalamus during the course of the follicular phase or following an acute stressor differ in a region and time specific manner.
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Cellular activation during the follicular phase of controls.
Estradiol implants in the mediobasal hypothalamus (MBH; the vicinity of the ARC and VMN) initiated sexual behavior and the GnRH surge (3-4), whereas the mPOA, dBb and ME are areas rich in ERα (34) and/or GnRH cell perikarya and fibers (35) .
Therefore, these hypothalamic regions are all prime candidates for the control of Kisspeptin has also been implicated in estradiol negative feedback (9) . In our study, 445 kisspeptin activation remained low during the follicular phase except at the time of the LH surge. One way of interpreting these results is that a low level of estradiol inhibits the expression of kisspeptin, leading to reduced GnRH secretion, consistent with negative feedback regulation.
Cellular activation after LPS.
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In the present study, LPS administration in the late follicular phase lowered estradiol plasma concentrations and activated specific brain areas. Interestingly, an increase in activation was observed in the ARC, VMN, mPOA, PVN and dBb as early as 3h after treatment, whereas estradiol decreased 8h after the administration of LPS. Our results concur with evidence suggesting that there are at least two mechanisms 455 activated in the hypothalamus during LPS inhibition of the ovarian cycle; one involving disruption of GnRH/LH pulses and, therefore, reducing estradiol secretion;
and the other, preventing the ability of the surge-generating mechanism to respond to the preovulatory estradiol increase (42) . Collectively, these results suggest that LPS acts within the ARC, VMN, mPOA, PVN and dBb to activate cells that inhibit the 460 positive feedback effects of estradiol and, therefore, block the GnRH/LH surge. A similar mechanism may exist for the inhibition of sexual behavior. The precise phenotype of activated cells remains to be elucidated, however, strong evidence from the rat suggests that LPS administration stimulates the synthesis of γ-aminobutyric acid (GABA; 43), and this activation could account for an important 465 inhibiting mechanism for the disruption of the LH surge and/or sexual behavior after LPS.
Kisspeptin cell activation after LPS.
LPS markedly decreased the proportion of activated kisspeptin cells in the ARC and mPOA, and this was evident 12h after treatment, at a time when control animals were exhibiting an LH surge. Our data provide evidence for the potential existence of multiple kisspeptin cell inhibiting pathways. Firstly, as LPS is known to attenuate GnRH/LH pulses (42) and lower estradiol concentrations (2; and the present study), as well as the fact that kisspeptin cells are regulated by steroids (9, 11, 14) , it may be that the failure of kisspeptin cells to become activated reflects the lack of a sufficient 475 estradiol signal. In this regard, both cortisol and progesterone suppress pulsatile where kisspeptin cells are located; co-localization between the two components merits specific investigation.
Conclusion
Our results extend current knowledge regarding the mechanisms that control sexual behavior and the GnRH/LH surge, as well as their disruption after acute 500 immune/inflammatory stress. We report that the LH surge of intact ewes is ventromedial nucleus, ARC: arcuate nucleus, ME: median eminence, 3V: third ventricle.
Table 1
Time of the onset of the LH surge, pre-copulatory behavior and estrus (hours after PW) of individual ewes treated with saline or LPS at 28h after PW.
Ewes were killed at 0h, 16h, 31h (31h control and 31h LPS groups) or 40h (40h control and 40h LPS groups) after PW. There was no sexual behaviour or LH surge recorded in control ewes killed at 0h or 16h. 
